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Atmospheric pressure cold plasmas have shown promising results in various biomedical applications, thus leading to the emergence of "plasma medicine." [1] [2] [3] However, safety concerns need to be addressed when a plasma is applied directly to or in the immediate vicinity of living cells or tissue. The reactive oxygen species (ROS) produced by plasma are considered to be the key constituents that induce biological effects, 4 but they can also induce oxidative stress and consequently cell death, if the dosage is not properly controlled. 5 Recently, Fridman et al. verified that the plasma treatment on hairless mice and pigs caused no visible or microscopic damage of the skin tissue after 5 min plasma exposure. 6 However, skin with its fairly resistant three-layer structure (epidermis, dermis, and subcutaneous tissue) is not the most suitable representative of soft tissue. Oral mucosae, internal organs, and connective tissues are more vulnerable to various kinds of stress. 7 A plasma applied in the vicinity of these tissues is likely to cause oxidation of DNA, lipids, amino acids, and sugars as well as cause other microdamages in the tissue. As a result, anti-oxidative defenses must be taken to protect the nearby vulnerable tissue in plasma treatments.
To reduce the plasma-induced oxidative stress, both extracellular and intracellular measures can be taken. The extracellular way is to add external antioxidants, such as plant polyphenols and some small molecular compounds, e.g., glucose, ascorbic acid, mannitol, glutathione, acetylcysteine, and histidine to the tissues. 8 On the other hand, the intracellular way involves activating important intracellular anti-ROS genes expression via hypoxia, 9 anticancer drug, 10 or genetic engineering methods. 11 In this letter, we evaluated the protective effects of both measures to plasma-induced oxidative stress using the eukaryotic model yeast Saccharomyces cerevisiae (S. cerevisiae), which is genetically of high homology with human. 12 The atmospheric pressure cold plasma used is a plasma microjet (PMJ) device whose design is based on a direct current microhollow cathode discharge (MHCD). 13 A He/O 2 (2% vol) premix was used as working gas at a flow rate of 3 standard liter per minute (slm). The discharge sustaining voltage was 570 V with an operating current of 30 mA. The PMJ was immersed in a quartz tube with 5 ml autoclaved deionized water, sustained in a quasi-steady gas cavity inside the water. More details of the operation of the plasma device in water can be found in reference. 14 We employed optical emission spectroscopy (OES) to analyze the major excited plasma species under water. 15 One end of the fiber optics cable was used to acquire the light signals at the bottom of quartz tube at a distance approximately 5 mm away from the exit nozzle (Fig. 1) . The presence of the end of the fiber optics cable at the bottom of the quartz tube did not influence the plasma operation. The dispersed emission spectra were recorded by a 2048 pixel charge-coupled device (CCD) detector array. Authors to whom correspondence should be addressed. Electronic addresses: wzhu@spc.edu and zhangjue@pku.edu.cn. Fig. 2 shows the emission spectrum generated by the PMJ operated in water from 200 nm to 820 nm. A strong atomic oxygen emission at 777.2 nm was observed in the near IR region, while the emission spectrum ranging from 440 to 800 nm was dominated by He lines (Fig. 2(b) ). Strong emissions of the N 2 second positive system (C 3 P u ! B 3 P g ) were also observed (( Fig. 2(a) ) and are attributed to air mixed into the gas stream and excited by the long-lived helium metastables (19.8 eV) via penning excitation. 16 Water in the quartz tube was dissociated and excited, leading to the OH (A ! X) band (306-309 nm) and the H a line (656 nm) emissions. Copper emissions were present in the UV region because of the copper electrodes. Many weak emissions of nitric oxide (NO) species appeared in the ultraviolet region from 215 to 315 nm (not shown).
The experimental targets were composed of three groups: control (wildtype strain), intracellular protection (anti-oxidant genes overexpression strains), and extracellular protection (wildtype strain with anti-oxidant scavengers). For intracellular protection, we chose two anti-oxidative genes superoxide dismutase 1 and 2 (Sod1 and Sod2), which encode Cu/Zn-SOD located in the cytoplasm and Mn-SOD in the mitochondrial matrix, respectively. 17 SOD catalyzes dismutation of superoxide anion (O 2 À ) to less harmful hydrogen peroxide (H 2 O 2 ), which is then decomposed by catalase into H 2 O and O 2 . SOD in concert with catalase form the first and most important line of antioxidant defense. 18 We constructed two overexpression strains, namely p-Sod1 and p-Sod2, by, respectively, inserting the Sod1 and Sod2 genes into a yeast expression plasmid, namely pACT2, and transducing the wildtype strain with the recombinant plasmids. 11 To demonstrate whether the pACT2 plasmid itself would play role as a defense against the plasma, we also constructed a pACT2 strain serving as the overexpression control. The overexpression strains were confirmed by SOD activity assay: total SOD activities divided by total protein concentration (U/mg). 19 The data in Table I show that the p-Sod1 and p-Sod2 strains had 2 $ 3 folds SOD specific activities compared to the controls, indicating that suitable overexpression strains were constructed. The SOD specific activity of the pACT2 strain was close to that of the wildtype suggesting that the plasmid barely affected the SOD activity. With regard to extracellular protection, we selected three ROS scavengers: SOD protein, L-Histidine (L-His), and DMannitol (D-Man) (see Table II ).
The widetype and overexpression strains were cultured to the exponential growth phase and harvested at a concentration of 2.5 Â 10 7 cells/ml. 1 ml cells were then resuspended in 5 ml autoclaved deionized water and treated with the PMJ for 0, 1, 2, and 3 min, respectively. For extracellular protection, the scavengers were added to 5 ml water before plasma treatment. All experiments were done in duplicates and repeated three times.
Immediate oxidative stress can be detected in the yeast cells after plasma treatment. A common ROS detection dye, 2', 7'-dichlorofluorescein diacetate (DCFH-DA) was used to monitor the intracellular ROS level. 20 DCFH-DA passively diffuses into cells and in the presence of ROS, a fluorescent product dichlorofluorescein (DCF) is produced. Fig. 3 represents the fluorescence images after 3 min treatment. Almost all wild-type cells were stained with DCF and the fluorescence intensity was very high (Fig. 3(a) ). By contrast, in overexpression strains, only a few cells were stained green and the intensities were much lower (Figs. 3(b) and 3(c) ). However, the ROS in the extracellular scavenger groups were only slightly reduced (Figs. 3(d)-3(f) ).
Products of oxidative damage are formed continuously and hence may accumulate. 21 As a result, survival evaluation of plasma treated strains was performed using XTT assays. 22 The optical density (OD) reading was obtained after 8 h cultivation at 30 C. The relative survival rate (RSR), defined as the fold advantage of survival rate of each strain over that of the wildtype, was used to indicate the protection efficiency of each measure. As Fig. 4 indicates, most of the 1 min samples had similar RSRs values around 1, suggesting no difference among the protected groups and the widetype control. To evaluate the protection effects in the long term, we tracked the cell growth after plasma treatment up to 28 h to obtain their full growth curves. As shown in Fig. 5(a) , the normal growth curve (black) shows an abbreviated S-shaped logistic pattern, 23 and the overexpression strains matched well with the widetype. The cells proliferated exponentially with cultivation time in the logarithmic growth phase and then reached a plateau in the stationary phase. After a 3 min treatment, p-Sod1 and p-Sod2 maintained the logistic curve pattern, while the widetype and plasmid control both showed strongly impaired growth ability (Fig. 5(b) ). However, the extracellular scavengers revealed various problems. For the SOD scavenger, the use of low concentrations did not lead to a protective role, but higher concentrations led to irregular growth ( Fig. 5(c) ). Conversely, L-His lost the protection ability when the concentration was increased (Fig. 5(d) ). The results of other treatment times were similar (data not shown).
The results suggest that the intracellular protection is better than the extracellular protection for plasma-induced oxidative stress. As shown by OES, a high concentration of excited atomic oxygen is produced in water by the plasma, which can be easily converted to other ROS in the liquid, such as hydroxyl radical (ÁOH), singlet oxygen ( 1 O 2 ), O 2 À , H 2 O 2 , and ozone (O 3 ) due to its high reactivity. 24 These ROS are easily detected in plasma-treated water, so the addition of scavengers does reduce some cell damage. 25 However, our results suggest that scavengers may also impair cell growth, probably resulting from the osmotic stress and the metabolic interference caused by them. Another important aspect is that plasma affects not only the water but also the cells in the water, leading to intracellular ROS formation. 26 As a result, scavengers can protect only to a certain extent. By contrast, the two overexpression strains can efficiently protect the cells by activating natural responses to alleviate intracellular oxidative stress. Nevertheless, we note that in some studies, 27, 28 indirect plasma treatment, during which extracellular ROS production is stimulated, has shown to induce cell apoptosis quite similar to that caused by the direct treatment studied here, which promotes intracellular measures.
In conclusion, to protect cells or tissues from possible plasma oxidative damage, immediate oxidative stress, short term survival, and long term growth surveys all recommend intracellular measures. If genetic engineering methods are not readily and safely applicable in clinical practice, hypoxia or anticancer drugs can be considered instead, since they elevate Sod1 and Sod2 genes expression.
9,10 Moreover, we found that the plasma exposure time, types of scavengers and different concentration gradients all contribute to the protection ability. Therefore, it is beneficial for a comprehensive therapeutic regiment to take into account all the elements.
